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Abstract
Electrophysiological properties of etomidate (ET)-induced current (I ) at different concentrations and effects of ET at clinicallyET
relevant concentrations (1–10mM) on postsynaptic GABA receptor function were investigated using whole-cell patch-clamp techniqueA
in mechanically dissociated rat spinal dorsal horn neurons. The results showed that ET actions were concentration-dependent: low
concentrations (10mM) of ET potentiated GABA-activated current (I ), slowed activation, desensitization and deactivation ofGABA
GABA receptors; moderate concentrations (10–1000mM) of ET directly activated and desensitized GABA receptors; highA A
concentrations (.1000mM) of ET produced an inhibitory effect onI . In addition, ET prolonged the duration of GABAergic miniatureET
inhibitory postsynaptic currents (mIPSCs) in the mechanically dissociated rat dorsal horn neurons. These results suggest that general
anesthetics-induced changes at spinal level could significantly contribute to analgesia and general anesthesia.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction do with the sensory discriminatory qualities of the stimulus
originates primarily from neurons in the spinal dorsal horn
The important components of general anesthesia, such and terminates within the ventroposterior and ventrobasal
as amnesia, unconsciousness, and immobility in response thalamus, which then project to the cortex [19,25,26].
to a noxious stimulus, have traditionally been thought to be Thus, the spinal cord is thought to be an important site of
a result of anesthetic action in the brain. However, recent anesthetic action in suppression of movement in response
evidence provides support for the view of a spinal rather to noxious stimuli [2,3,8]. In addition, anesthetic action in
than a central control of anesthetic-induced immobility the spinal cord could indirectly affect the end-points of
[4,32,33]. Analgesia is a relevant component of anesthesia. anesthesia though the brain is certainly the site of action
Nociceptive information reaches the brain from the for the amnesia and unconsciousness after administration
peripheral site of injury through multiparallel neuronal of general anesthetic drugs. This could occur as a result of
pathways [5,9,14,24,39,41]. There is evidence that parallel the anesthesia which decreases the transmission of noxious
spinal pathways might relay information to brain circuits information from the spinal cord to the brain [17,34].
that are relevant to either sensory or affective qualities of Etomidate (ET), a carboxylated imidazole, has gained
pain [6,11]. The spinothalamic pathway that is thought to widespread use as an intravenous general anesthetic due to
its desirable hemodynamic characteristics. The effect of
ET on the GABA receptor, one of the most importantA*Corresponding author. Tel.:186-551-360-3510; fax:186-551-360-
targets for general anesthetics, has been studied using7014.
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[13,29–31] and transfected mouse fibroblast cells [38]. Clampfit software (Axon Instruments). The series resist-
However, little attention has been directed towards the ance, estimated from optical cancellation of the capacity
actions of ET on spinal neurons. In the present study, transient, was 10–20 MV. In most experiments, 70–90%
therefore, we have examined the characteristics of ET- series resistance compensation was applied. Unless cur-
induced current (I ) and effects of ET on spinal GABA rent–voltage (I–V ) relationships were examined, the mem-ET A
receptors as well as GABAergic transmission in mechani- brane potential would be held at240 mV throughout the
cally dissociated rat spinal dorsal horn neurons. experiment.
2 .3. Solutions and drugs
2 . Materials and methods
The composition of the incubation solution was (mM):
2 .1. Isolation of neurons NaCl 124, NaHCO 24, KCl 5, KH PO 1.2, CaCl 2.4,3 2 4 2
MgSO 1.3 and glucose 10. The solution was aerated with4
The experimental protocol was approved by the Institu- 95% O –5% CO to a final pH of 7.4. The normal external2 2
tional Care and Use Committee of the University of standard solution was (mM): NaCl 150, KCl 5, CaCl 2,2
Science and Technology of China. Wistar rats (2-week- MgCl 1, HEPES 10 and glucose 10. The pH was adjusted2
old) were anaesthetized with urethane (1 g/kg, i.p.). Spinal to 7.4 with tris-hydroxymethyl aminomethane (Tris-base).
dorsal horn neurons attached with intact presynaptic The patch-pipette solution was (mM): KCl 140, CaCl 1,2
terminals were mechanically dissociated with the pro- MgCl 2, EGTA 11 and HEPES 10. The pH was adjusted2
1 21 1cedure as previously described [40,44]. In brief, rats were to 7.2 with Tris-base. Voltage-activated Na , Ca and K
27sacrificed by decapitation and transverse slices (400mm) channels were blocked by adding 3310 M tetrodotoxin
24of the spinal cord were sectioned using a vibrotome tissue (TTX) and 10 M CdCl to the standard external solution2
1slicer (VT1000S, Leica Instruments, Wetzlar, Germany). and by using Cs -containing internal solution, respective-
After incubating at room temperature (22–258C) for 50 ly, when the current–voltage (I–V ) relationships for etomi-
min in an incubation solution aerated with 95% O –5% date (ET)-induced current (I ) were examined. TenmM2 ET
CO , the slices were transferred into standard external bicuculline (BMI), a selective antagonist of GABA R, was2 A
solution. A vibration-isolation system was then used to added to the standard external solution for the pharmaco-
mechanically dissociate the dorsal horn neurons. With this logical identification ofI .ET
system, a fire-polished glass pipette mounting on a vibrator All the drugs used in the present experiments were
vibrating horizontally at 5–10 Hz was used to touch lightly purchased from Sigma except ET, which was provided by
on the surface of the slice under the control of a pulse the laboratory of Anesthesia & CPB, Cardiovascular
generator. The vibration-dissociation procedure would last Institute of Fuwai, CAMS, China. ET was used in an
for about 3 min and then the slices were removed out of aqueous formulation containing 35% propylene glycol
the dish. Isolated neurons attached to the bottom of the diluted into normal external standard solution. The control
culture dish and were ready for electrophysiological ex- experiments with a vehicle, propylene glycol, were per-
periments within 20 min. These neurons, which were formed to verify that there was no effect on the GABA-
dissociated without using any enzymes, retained some of activated current (I ) at concentrations,0.1% [45].GABA
their original morphological features including the proxim- Rapid application of the drugs was carried out via a
al dendritic processes. ‘Y-tube’ [43], which allowed a complete exchange of
external solution surrounding a neuron within 20 ms. When
2 .2. Electrophysiology ET-induced potentiation ofI was studied, the ET wasGABA
applied for 10 s before a 20-s application of modulator and
Whole-cell voltage-clamp recordings were made at room GABA in combination.
temperature (22–258C). A 35-mm culture dish was used
as recording chamber and was perfused at a rate of 0.5–2.02 .4. Data analysis
ml/min with standard external solution. Patch pipettes
were pulled from glass capillaries with an outer diameter The Kolmogorov–Smirnov test (K–S test) was used to
of 1.5 mm (Narishige, Tokyo, Japan) using a two-stage assess differences in mean values of miniature inhibitory
puller (PP-830, Narishige). The impedance between the postsynaptic currents (mIPSCs) under different conditions.
recording electrode filled with pipette solution and the Decay kinetics was measured at the time when the mIPSC
reference electrode was 4–6 MV. The liquid junction decayed to 37% of its peak amplitude. Deactivated currents
potentials were 3–4 mV, and this value was used to and desensitized currents were fitted with exponential
calibrate the holding potential (V ). Data were collected functions (Clampfit 8.0, Axon Instruments). During theH
2with a system consisting of an Axopatch 200B patch- fitting process, the goodness of fit was evaluated by thex
clamp amplifier (Axon Instruments, Foster City, USA), a value, and adequacy of fit to single or double exponential
Pentium III computer, and Digidata 1320A, Clampex and functions was visually judged. Origin (Microcal Software)
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and Excel (Microsoft, Seattle, WA) were used for data would then evoke progressively smaller current, which
display and analysis. Student’st-test was used for statisti- resulted in a bell-shaped concentration–response curve
cal comparisons. A statistical significance was indicated (Fig. 1B). The washout of ET at concentrations higher than
whenP,0.05 (*) or 0.01 (**). All values are represented 0.3 mM always induced a transient tail (rebound) current.
in a format of mean6standard error (S.E.M.) (n5number Fig. 1B summarizes the concentration–response relation-
of cells). ships ofI peak and tail current components. All theET
responses were normalized to the peak response elicited
with 0.03 mM ET. The EC value for peak currents in50
3 . Results response to ET was calculated from the dose–response
relationship and estimated to be 0.03 mM.
23 .1. Etomidate (ET)-induced Cl current (I ) The I was sensitive to bicuculline (BMI), a selectiveET ET
antagonist of GABA receptor (Fig. 2A). The current–A
At a holding potential of240 mV, the application of ET voltage (I–V ) relationships forI and the tail current wereET
to the dissociated dorsal horn neurons evoked an inward examined by using the ramp voltage-clamp technique (Fig.
1 21 1current (I ), which is due to efflux of negative charge 2Ba). Since the voltage-dependent Na , Ca and KET
2(Cl ). The threshold concentration for activation of this channels were blocked (see Materials and methods), the
current was about 0.01 mM. The amplitude ofI reachedET
a maximum at 1 mM (Fig. 1A). Higher concentrations
Fig. 1. Etomidate (ET)-induced current (I ) in rat spinal dorsal hornET
neuron. (A) Inward currents induced by ET at various concentrations at a Fig. 2. The GABA-mimetic action of ET. (A) Typical examples showing
holding potential (V ) of 240 mV. Horizontal bar above each response effects of 10mM bicuculline (BMI) on 0.1 mMI . V 5240 mV. (B) AH ET H
indicates application period of ET. Arrowhead indicates peak (dashed) representative recording showing current–voltage (I–V ) relationship for
and tail (solid) currents induced by ET. (B) Concentration–response I and tail current. Experimental protocol is shown in (a). 700-ms-longET
curves for ET-induced peak (j) and tail (d) currents. The amplitudes of voltage ramp pulses from130 to 280 mV were applied before, during
transient peak and tail currents were normalized to peak current amplitude and after the 10-s-long application of ET. (b) Current–voltage (I–V )
2induced by 0.03 mM ET (asterisk, *). Each point represents curve forI and tail current.E represents theoretical Cl equilibriumET Cl
mean6S.E.M. (n56–11). potential.
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intersection of I–V curves is a direct indication of the
reversal potential of theI and the tail current. TheET
reversal potential estimated with the ramp-wave forIET
(E ) and the tail current was22.861.1 mV andET
23.561.2 mV (n54), which were both close to the
2theoretical Cl equilibrium potential (E ) of 22.5 mVCl
calculated with the Nernst equation based on the extra- and
2intracellular Cl activities (Fig. 2Bb). The presentECl
value was close to zero, while the physiologicalE statedCl
in most textbooks is more negative than250 mV. This is
2caused by the extra- and intracellular Cl concentrations
used (161 and 146 mM, respectively).
3 .2. Kinetics of the IET
To further characterizeI , the kinetics was analyzed.ET
The time constants for activation (t ), desensitizationact
(t ) and deactivation (t ) of the I were obtained bydes dea ET
fitting with a single exponential function. Fig. 3A and B
show the representative superimposed traces of theI inET
the same cell, for 0.03 mM and 0.3 mM ET, so that the
differences in kinetics became more evident. Thet andact
t for I evoked by 0.3 mM ET were 276620 ms anddes ET
689642 ms, respectively, significantly faster than those by
0.03 mM ET (t 5756615 ms,t 52012675 ms) (n5act des
8). The I induced by 0.3 mM ET, however, had atET dea
significantly slower than that by 0.03 mM ET (Fig. 3B).
The absolute values oft for 0.3 mM and 0.03 mM ETdea
were 531620 ms and 301617 ms, respectively (n58). In
Fig. 3C, three kinetic parameters forI evoked by 0.3ET
mM ET were normalized to those by 0.03 mMI for theET
purpose of comparison (n58).
3 .3. Effect of ET on GABA-activated current (I )GABA
Fig. 3. Kinetics of theI . V 5240 mV. (A) Actual traces induced byET H
At a holding potential of240 mV, the application of 0.03 and 0.3 mM ET were superimposed (left). After aligning peak
amplitudes (right), differences in activation and desensitization kineticsGABA evoked an inward current (the GABA-activated
became more evident. (B) Actual traces of deactivation components werecurrent, I ), which is also due to efflux of negativeGABA
2 superimposed (left). Scaling deactivation currents to the same amplitudecharge (Cl ). To examine effects of ET on kinetics of
allows a better comparison of the time courses. (C) Comparison of time
I , we studied theI in the presence of ET atGABA GABA constants for activation (t ), desensitization (t ) and deactivation (t )act des dea
clinically relevant concentrations (1–10mM) [10]. In the of I at different concentrations (0.03 and 0.3 mM). Time courses for 0.3ET
mM ET were normalized to those for 0.03 mM ET. Each columnpresence of 10mM ET, the peak amplitude of 0.1 mM
represents mean6S.E.M. (n58). *P,0.05; **P,0.01.I increased to 138632% (Fig. 4A and C), suggestingGABA
the potentiation effect of etomidate onI . To facilitateGABA
comparison, the traces were superimposed after the peak dissociated spinal dorsal horn neurons attached with intact
amplitudes were normalized (Fig. 4B). ET (10mM) presynaptic terminals [44]. In the presence of 0.3mM
significantly influenced the kinetic properties of theI . tetrodotoxin (TTX), 10mM 2-amino-5-phosphonovalericGABA
The time constants fort , t , andt of the I were acid (AP-5), 3mM 6-cyano-7-nitroquinoxalone-2,3-dioneact des dea GABA
increased to 179640%, 210633%, and 270661%, respec- (CNQX), and 0.5mM strychnine, bicuculline (10mM)
tively (Fig. 4C).t andt were obtained by the fit with completely blocked the mIPSCs in the neurons, indicatingdes dea
single exponential, whilet was represented by the rising that the mIPSCs were GABAergic (data not shown).act
time from 10% to 90% of the current peak. Superfusing 3mM ET significantly increased the decay
time (duration) of GABAergic mIPSCs to 139618% (Fig.
3 .4. Effect of ET on GABAergic mIPSCs 5). However, the amplitude and frequency of mIPSCs were
not affected significantly by ET (8868% and 92623% of
GABAergic mIPSCs were recorded in mechanically control, respectively;P.0.05) (Fig. 5B and C).
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agonist property of ET. The augmentation of the current
noise during the application of ET (Fig. 2B), which reflects
channel opening [22,23,42], is an additional evidence of
the property. However, the concentration–response curve
of the ET response was bell-shaped which was markedly
different from the sigmoid concentration–response curve
of GABA (Fig. 1 in Ref. [44]), and the washout of ET at
high concentrations (over 0.3 mM) always evoked a
transient tail (rebound) current. This indicates that, al-
2though ET can directly activate the GABA receptor–ClA
channel, it has distinct properties from GABA as an
agonist. Thus it was proposed that ET directly activated
GABA receptors, possibly by binding to the vicinity ofA
the GABA recognition site as the response was suppressed
by BMI (Fig. 2A). At the concentrations over 1 mM, the
peak and steady-state currents were suppressed, while the
removal of ET caused a huge tail current (Fig. 1A). The
fact that the reversal potential of the tail current was close
2to the theoretical Cl equilibrium potential (E ) suggestedCl
2that the tail current also was a Cl flux mediated by
GABA receptors. The tail current at washout may beA
interpreted as the activation of undesensitized receptors by
the agonist release from the blocked channels [21,42]. The
decrease in peak and steady-state currents could be brought
about by an accelerated desensitization process with the
concentration increased [1]. Thus, ET at high concen-
trations could not only bind with its sites on GABAA
2receptors resulting in the opening of the Cl channels, but
also block the opening channels by itself and consequently
leads to a suppression of the ET current. Similar phenom-
2ena have been demonstrated in sevoflurane-induced Cl
current [42] in rat hippocampus CA1 neurons, and acetyl-
choline-induced cation current at the neuromuscular junc-
tion in zebrafish [21]. However, in contrast to acetyl-
choline, the ET current in the present observation did not
exhibit rectification property in the voltage range of280Fig. 4. Effect of ET (10mM) on GABA-evoked current (I ). (A)GABA
mV to 130 mV (Fig. 2b).GABA (0.1 mM) inducedI before (left), during (middle), and afterGABA
(right) the treatment of 10mM ET obtained from the same neuron. ET In the present study, besides the slight direct action, ET
was preapplied for 10 s before co-application with GABA. The interval at clinically relevant concentrations significantly slowed
time between records was 3 min. (B) Superimposed actual currents
the rates of activation, desensitization and deactivation ofnormalized to peak amplitude of current induced by co-application of
the GABA-activated current (I ). The prolonged timeGABA and ET. Insets illustrate effects of ET on activation (left) and GABA
courses probably reflect the slow rate of equilibration withdeactivation (right) ofI . (C) Effect of ET on amplitude and timeGABA
constants for activation (t ), desensitization (t ) and deactivation (t ) GABA receptors, suggesting that the presence of ETact des dea A
of I . Each column represents mean6S.E.M. (n510). *P,0.05;GABA might lead to the difficulty of binding and unbinding of
** P,0.01.
GABA as well as the slowness of allosteric processes of
GABA receptors after agonist binding. The slower riseA
4 . Discussion time (t ) could be attributed, in part, to reduced acces-act
sibility of agonist to receptors, while the difficulty of
The present study showed that etomidate (ET), a widely agonist unbinding may help to slow the deactivation rate.
2used general anesthetic, directly induced a Cl current in Jones and Westbrook [15,16] have demonstrated that high-
the acutely dissociated rat spinal dorsal horn neurons in a affinity, long-lived and delayed unbinding of ligand allows
concentration-dependent manner. It could only induce a additional late openings to occur before unbinding, leading
very small current (less than 30 pA) even at the highest to slowed deactivation. The sojourns of agonist on the
clinically relevant concentration, 10mM. The results of the receptor, which prolong the opening time and enhance
present ramp voltage-clamp experiment and the sensitivity channel reopening, significantly increase the efficacy of
to bicuculline (BMI) of the ET current revealed a GABA synaptic transmission. Other studies have also proved thatA
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Fig. 5. Effect of ET (3mM) on GABAergic miniature inhibitory postsynaptic currents (mIPSCs) at aV of 240 mV. (A-a) Consecutive trace ofH
GABAergic mIPSCs in the absence (up) and presence (down) of ET. The tested neurons were perfused with tetrodotoxin (TTX, 0.3mM), strychnine (0.5
mM), CNQX (3mM) and AP-5 (10mM). (b) Averaged traces of 212 and 176 GABAergic mIPSCs before and after addition of ET, respectively. The traces
are superimposed for comparison. (B) Cumulative histograms showing effects of ET on decay time (duration), amplitude and inter-event interval
(frequency) of GABAergic mIPSCs. (C) Relative value to control of decay time constant, amplitude and frequency of GABAergic mIPSCs during ET
treatment. Each column represents mean6S.E.M. (n59). ** P,0.01.
the prolongation of the duration of GABAergic miniature an integral effect to augment inhibitory synaptic transmis-
inhibitory postsynaptic currents (mIPSCs) could be caused sion.
by an increase of synaptic GABA -receptor channel In cultured hippocampal neurons, ET not only prolongsA
opening probability and mean channel open time [27,35]. the duration of mIPSCs, but also selectively increases the
Accordingly, the present experiment demonstrated that 3 amplitude of mIPSCs by increasing the probability of
mM ET significantly increased the decay time (duration) of channel being open 13-fold and the effective channel open
GABAergic mIPSCs in the dorsal horn neurons (Fig. 5). time twofold [45]. In this study, however, ET significantly
The prolongation of the time course of GABAergic IPSCs enhanced the amplitude of macroscopicI , but had noGABA
could reduce the likelihood of generating an action po- effect on the amplitude of GABAergic mIPSC. One
tential in postsynaptic neurons, leading to less excitation of possible explanation is that the slow activation would
projection neurons and, thus, to antinociception [18]. prolong the time of reaching the maximal activation of
Hence, despite the reduction of the time to peak, ET had receptors. Since the transmitter would be cleared from the
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